Cell division is one of the most radiosensitive cell processes known. An inhibition of division, sometimes also termed a division delay (Lea, 1947; Burns, 1956) , can be observed independently of effects upon growth and survival . Though the specific location of the division inhibition is not known, this effect undoubtedly differs from injuries which have been described as cell division effects (Zirkle and Tobias, 1953) , but which probably include an inhibition of growth and which result usually in cell death.
Cell division is one of the most radiosensitive cell processes known. An inhibition of division, sometimes also termed a division delay (Lea, 1947; Burns, 1956) , can be observed independently of effects upon growth and survival . Though the specific location of the division inhibition is not known, this effect undoubtedly differs from injuries which have been described as cell division effects (Zirkle and Tobias, 1953) , but which probably include an inhibition of growth and which result usually in cell death. Hevesy (1945) suggested that the primary effect involved in an inhibition of cell division by ionizing radiation was an interference with deoxyribonucleic acid formation. Such an interference is now a well-established radiation effect. However, Howard and Pelc (1953) described a radiation inhibition of root cell division which occurred before P32 uptake into the cell was retarded. found no reduction in nucleic acid in irradiated, growing, but nondividing bacteria. Kelly (1956) reported that deoxyribonucleic acid continues to form for some time in growing ascite tumor cells in which division has been inhibited by radiation. Ducoff (1956 ) also found little effect upon deoxyribonucleic acid when division in Tetrahymena was inhibited by radiation. These observations indicate that some reaction(s) involved in division is more sensitive to radiation than deoxypentosenucleic acid synthesis.
This report presents studies aimed at uncovering the sensitive reactions involved, and provides added evidence that nucleic acid formation need not be inhibited when division is stopped. The formation of various phosphorus-containing compounds of yeast cells is followed in irradiated, growing, but nondividing cultures and control cultures.
MATERIALS AND METHODS
A strain of Saccharomycea cereviseae isolated from a cake of Fleishmann's baker's yeast was used in these studies.
Cells from agar slants were grown in a defined medium for approximately 6 hr, counted, inoculated into 250 ml of medium in 1 L Erlenmeyer flasks, and grown overnight at 28.5 C on a reciprocal shaker. The following morning, after the cultures reached a given cell count, they were combined and mixed, after which 210 ml portions in 1 L flasks were grown at 28.5 C with shaking for an additional 2, 4, or 6 hr as control or continuously irradiated cultures. Cultures were in the exponential phase at the start of the experiment, and they normally grow in this phase until a count of 6 or 7 X 107/ml is reached. A portion of culture which remained was analyzed as the zero hr sample. For analysis, cultures were chilled, cells were centrifuged from the medium at 4 C and washed twice with cold distilled water by centrifuging. The cells were then suspended in 100 ml of cold distilled water and the following aliquots removed: 50 ml for phosphorus analysis, 30 ml for carbohydrate analysis (Spoerl and Looney, 1958) , two 5-ml samples for dry weight determinations (overnight at 105 C), three 1-ml samples for total carbohydrate, two 1-ml samples for total nitrogen, two 1-ml samples for total phosphorus and 1 ml for cell count. Culture volumes were used which gave generally between 250 and 350 mg of cell dry weight per 100 ml of cell suspension. Cells were counted in a hemocytometer. Paired cells were counted as two cells if the smaller cell had a diameter greater than approximately one-half that of the larger cell.
The cells for phosphorus analysis were centrifuged from the suspension and frozen overnight. The following morning they were extracted three times (extracts were combined) in the cold with cold 10 per cent trichloracetic acid (TCA) for SPOERL AND LOONEY tion. The residue was dried and the dry powder extracted with 1 N NaOH for 15 min; two NaOH washes were combined with the extract. The residue was then extracted with 1 N HCl for 5 min in a boiling water bath and one 1 N HCl wash was combined with the extract. The remaining material was dissolved in 10 N H2SO4. TCA, alcohol-ether, NaOH, and HCl extracts, the final residue and the samples for total cell phosphorus were digested for total phosphorus determinations in an oven at 130 to 160 C for 1.5 hr in 10 N H2SO4. Phosphorus was determined by the method of Fiske and SubbaRow (1925 (Katchman and Fetty, 1955; Wiame, 1949) .
Nitrogen was determined by Kjeldahl digestion and nesslerization (Spoerl and Carleton, 1954 (Spoerl and Carleton, 1954) run along with the cultures (dose was measured over a 4 hr period).
RESULTS
The data of table 1 show cell numbers in the cultures studied and the increase with time of weight and phosphorus-containing constituents in average yeast cells. Control cells divided more than 3 times during the 6 hr period of observation, but division was greatly reduced in irradiated cells. In cultures receiving 3.9 kr/hr of radiation, some division occurred between 0 and 2 hr (increased cell count), but none occurred after 2 hr. In cultures receiving the lesser 2 kr/hr, cells were paired at 2 hr and like the 3.9 kr cells in appearance, but some additional increase in number occurred at both 4 and 6 hr. Irradiated cultures at 2 hr consisted completely of equally sized cells linked together in pairs. This cell uniformity was very striking, and insured analytical values representative of individual cells.
The interference with cell separation which resulted in persisting pairs of large cells seems to be an effect separate from an inhibition of budding (Katchman and Fetty, 1955 and TCA-extract phosphorus was reduced at the high radiation dose, but not at the 2.0 kr/hr dose. Table 4 records the nitrogen content per unit weight of these yeast cells. TCA-extract nitrogen decreased while protein and total nitrogen increased. Such changes have been observed previously (Spoerl and Carleton, 1954 t Total nitrogen minus trichloracetic acid extract nitrogen minus pentosenucleic acid nitrogen (pentosenucleic acid phosphorus X 10/6.25).
1 NR = No radiation, R = 3.9 kr/hr radiation. irradiated cells which is discussed further in another report (Spoerl and Looney, 1958) . At the 3.9 kr/hr radiation dose, the cells at 4 and 6 hr were unable to resist osmotic differences when washed in distilled water and lost soluble nitrogen and phosphorus compounds into the wash water. The losses were small percentages of total or soluble constituents.
DISCUSSION
In these studies, division processes were selectively blocked and held in this condition by continuous radiation, but the irradiated cells were still living, growing (increasing in mass) cells at the time they were sampled for analysis. Thus, a comparison of dividing cells with division-blocked cells conceivably could uncover a specific metabolic effect correlated with the inhibition of division. With an agent such as radiation, concurrent effects other than an inhibition of division also may occur, and such an effect upon reproducibility is shown by the inability of a portion of these cells, as measured over a longer period of time, to form colonies . The small reduction in growth observed in irradiated cultures appears to be the result of linear growth in these cultures rather than the normal exponential growth which occurs in unirradiated cultures. Linear growth suggests that some cell capacity is held constant and thus limits the growth rate. This capacity or synthetic function of the cell may provide the component needed for division as well as for growth.
Parallel increases in pentosenucleic acid and protein observed in irradiated cells are consistent with current concepts of protein synthesis (Brachet, 1955) . The relative increase in these cell components could have been the result simply of a decrease in the proportion of cell carbohydrates (Spoerl and Looney, 1958) . Whether the increase is real or apparent, there evidently is no primary inhibitory effect upon the syntheses involved.
The question above, concerning the extraction of the DNA fraction, and the very low DNA content of these cells, indicates that measures of DNA may not be as good as can be made for some cells. However, from the data obtained, no reduction is seen in DNA at 2 hr, though such relatively larger constituents as polyphosphate and TCA-extract phosphorus show measurable differences. It is not plausible that a shift simply in the amount of DNA formation could directly cause the greater changes in these other materials. Though it is possible that an effect upon DNA could indirectly produce such changes, the lack of an apparent DNA change strongly supports the idea that an effect upon DNA synthesis is not a primary effect in the accompanying inhibition of cell division. The reduced amount of DNA found at later times when 3.9 kr/hr of radiation was used shows that an inhibition of DNA formation may occur, and it may be that this inhibition is related to the less radiosensitive budding process as contrasted to the cell separation process.
A significant polyphosphate increase in ir-radiated cells at 2 hr occurred at both radiation levels. This cell constituent has been considered to function both as an energy depot and phosphorus store. Its possible use in energy transfer has been shown by reports of reversible adenosine triphosphate synthesis (Yoshida and Yamatska, 1953) , and Winder and Denneny (1955) (Krishnan et al., 1957) . The build-up of polyphosphate in nonirradiated cultures as they approached the end of the exponential growth and division phase (see also Katchman and Fetty, 1955; Chayen et al., 1955; Winder and Denneny, 1954; Krishnan et al., 1957) , together with the increase observed here when division was stopped by radiation but growth and protein synthesis continued, suggest that this compound may be specifically involved in cell division processes. Conceivably it could function in yeast cells as a reservoir material such as Swann (1954) has hypothesized to be involved in division processes. A small decrease in the phosphorus of the lipid extract of irradiated cells also occurred at both radiation levels. The possible association of phospholipid metabolism with cell division has been reported for other cells (Levin et al., 1956) . Obviously many metabolic changes could result from a nonspecific agent such as radiation, or even as ramifications of a disturbance in only a single specific reaction among the complex of cellular reactions. Some of the many shifts in TCAextract amino acids have been described in previous studies of irradiated yeast cells (Spoerl and Carleton, 1954) . Changes of a similar type could account for the decrease in TCA-extract phosphorus observed here.
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SUMMARY
The phosphorus and nitrogen content of continuously irradiated and nonirradiated yeast cultures was measured at 0, 2, 4, and 6 hr as the cultures grew rapidly for most of this time. Division was completely stopped at a 3.9 kr/hr X-radiation dose, but not at a 2 kr/hr dose, while growth was reduced relatively little. A striking change in irradiated cells was an increase in acid insoluble polyphosphate at 2 hr. Pentosenucleic acid phosphorus and protein nitrogen on a dry weight basis also increased in irradiated cells as compared to nonirradiated cells. Amounts of phosphorus and nitrogen in the trichloracetic acid extract decreased, as did the phosphorus of the lipid extract. Apparently no reduction in deoxypentosenucleic acid formation had occurred at 2 hr, and thus an effect on this material did not appear responsible for the inhibition of cell division. It is conceivable that the polyphosphate increase was related to the inhibition of this cell function.
